Two distinct electroantennographycally active (EAGactive) components, A and B, and a weakly active component C were found in a solvent extract from virgin females of the Ishigaki strain of the tussock moth, Orgyia postica (Walker). Components A, B, and C were found in the extract of the females at 4.0, 0.5, and 4.0 ng/female respectively. Components A, B, and C were identified as (6Z,9Z,11S,12S)-11,12-epoxyhenicosa-6,9-diene [(11S,12S)-1: posticlure], (6Z)-henicos-6-en-11-one (2) , and (6Z,9Z)-henicosa-6,9-diene (3), respectively. Component B was absent in the extract from the Okinawa strain, in which components A and C were present at 2.0 and 1.5 ng/female respectively. (11S,12S)-1 and the racemic mixture showed attractiveness for both the Okinawa and Ishigaki strains, whereas (11R,12R)-1 did not. The addition of 2 significantly reduced the trap catches with (11S,12S)-1 on the Okinawa strain which lacked 2, while there was no significant inhibitory effect on the Ishigaki strain. The addition of 3 to (11S,12S)-1 did not significantly affect trap catches at Ishigaki or Okinawa. This confirmed that the attractant pheromone of O. postica of the Ishigaki strain is also (11S,12S)-1.
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The tussock moth Orgyia postica (Walker) (Lepidoptera: Lymantriidae) is one of the pest species on mango and litchi in Okinawa Prefecture, Japan. 1) Larvae are covered with bristles that can irritate human skin. They occasionally defoliate plants and cause considerable damage. The female moths are wingless, so they release a sex pheromone to attract males. They copulate and lay eggs on the cocoon from which they have emerged. Sex pheromone would provide a useful tool for a pest control agent.
In gas chromatography-electroantennographic detection (GC-EAD) analyses of the extracts of the abdominal tips of female O. postica, geographical divergence has been found in the populations of Ishigaki and Okinawa Islands in Okinawa Prefecture.
2) These two islands are separated by 380 km of water. Two EAG responses were distinct in the Ishigaki strain, but only one was observed in the Okinawa strain.
2) The major EAG-active and attractive component in the Okinawa strain was identified as (6Z,9Z,11S,12S)-11,12-epoxyhenicosa-6,9-diene [(11S,12S)-1], and named posticlure. 3) In this paper, we report identification of the three EAG-active components found in the Ishigaki strain. The attractiveness of these components to the males on both islands is also discussed in the context of the activity and possible evolution of pheromonal polymorphism in this species.
Materials and Methods
Insects. O. postica larvae were collected in greenhouses for the cultivation of mango in Nago on Okinawa Island in February 1998 (Okinawa strain), and at the Yaeyama Branch of the Okinawa Prefectural Agricultural Experiment Station on Ishigaki Island in March 1998 (Ishigaki strain). They were reared on an artificial diet (Insecta LF, Nihon Nosan Kogyo, Kanagawa, Japan) in the laboratory at 25 C and L16:D8 until emergence. Pupae were taken from cocoons by dissolving the latter with 1% sodium hypochlorite solution, and washed with tap water in order to remove the poisonous hairs of the larval skin. Pupae were sexed and maintained in separate containers until emergence.
Extraction. Solvent extracts of sex pheromone glands were obtained from 1-d-old females at around 2 h after the start of the dark period, since calling behaviors were frequently observed at this time. The tip containing the pheromone gland was excised from the female abdomen with fine tweezers and soaked in hexane (5-10 tips/ 500 ml) for about 15 min. The tips were filtered off through a small wad of cotton to obtain the extract. They were rinsed twice with the same volume of hexane and the rinses were added to the extract.
Column chromatography. Fractionations were done on 300 mg of Florisil Ò (100-200 mesh, purchased from Wako Pure Chemical Industries, Osaka, Japan) in a Pasteur pipette. The eluting solvents were 1.5 ml of hexane, and 5%, 15%, and 50% ether in hexane. Epoxide and ketone components were separated with repeated column chromatography on 300 mg of silica gel (Wako gel C-200, particle size 75-150 mm, Wako Pure Chemical Industries). The solvents were 1.5 ml of hexane, and 0.2%, 0.5%, 1%, 2%, and 5% ether in hexane. Unsaturated hydrocarbon components were separated by column chromatography on 300 mg of silica gel impregnated with 16.7% silver nitrate. The eluting solvents were 1.5 ml of hexane, and 1%, 2%, 3%, 5%, 7%, 10%, 20%, and 50% ether in hexane.
Gas chromatography (GC) and electroantennographic detection (EAD). GC analysis was conducted on a Hewlett-Packard (HP) 5890II gas chromatograph equipped with a flame ionization detector (FID). In certain GC analyses, an electroantennographic (EAG) response was measured simultaneously with the FID recording. The EAG detection system (EAD) was set up according to Struble and Arn (1984) . 4) Males of the Okinawa strain were used for this purpose throughout the study, since males of the Okinawa and Ishigaki strains showed the same EAG responses.
2)
Coupled gas chromatography-mass spectrometry (GC-MS). GC-MS analysis was conducted with a JEOL JMS SX-102A double-focusing magnetic sector mass spectrometer (EI mode, 70 eV) interfaced to an HP6890 gas chromatograph and operated with an HP Model 715/64 computer. The carrier gas was helium. An HP-1 column or HP-INNOWax column was operated in a constant flow mode (1.6 ml/min, about 65 cm/s), and the initial column head pressure was 35 kPa. The TP for the column oven was 50(1)-20-150(0)-5-240(5), unless otherwise stated. The GC was equipped with a cool oncolumn injector and a split/splitless injector. The products of microozonolysis were injected in splitless mode at 220 C (splitless delay: 1 min), whereas the other solutions were injected through the cool oncolumn injector. In certain analyses, n-alkanes with an even number of carbon atoms (between 18 and 28) were added as internal standards for calculation of Kováts retention indices (KI).
5)
High performance liquid chromatography (HPLC). A Jasco PU-980 liquid chromatograph equipped with an integrator (System Instrument Chromatorecorder 21), an RI detector (Labo System RI-98SCOPE), and a Chiralpak AD column (0.46 cm ID Â 25 cm, Daicel Chemical, Tokyo) was used, eluting with 0.075% 2-propanol in hexane (0.5 ml/min). Injection was made through a Rheodyne 7125 loop injector in 10 ml of hexane. To confirm the compounds eluted, the eluate was fractionated at 0.50-min intervals from 10.00 to 14.00 min, and fractions were checked by GC. The amounts of each component were determined by comparison of the GC peak areas with those of authentic compounds.
Dimethyl disulfide (DMDS) derivatization. According to the method of Buser et al. (1983) , 6) 20 ml of DMDS and a very small crystal of iodine were added to about 10 ml of hexane solution of the test material in a 100-ml capillary tube with one end sealed. The other end of the tube was sealed and kept at 55 C for 2 h. After mixing the solution with 50 ml of 5% aqueous sodium thiosulfate solution, the products were extracted three times with 100 ml of hexane. The pooled extract was passed through a short column of powdered anhydrous sodium sulfate (100-200 mg) in a Pasteur pipette, and then concentrated to about 5 ml and analyzed by GC-MS through the oncolumn injector.
Diimide reduction. Polyene compounds were partially or completely hydrogenated with diimide according to the method described by Yamaoka et al. (1976) . 7) A solution of polyene compound in hexane, concentrated to about 10 ml in a 1-ml taper-bottomed vial, was complemented with 10 ml each of hydrazine and hydro-gen peroxide solution in ethanol [N 2 H 4 : 0.3 ml of hydrazine hydrate in 10 ml of ethanol; H 2 O 2 : 0.04 ml of 31% hydrogen peroxide in 10 ml of ethanol]. The mixture was maintained at 55 C for 80 min for partial hydrogenation. For GC or GC-MS analysis, reaction mixture was directly injected without cleanup. In cases that required further analysis, the mixture was added to 0.1 ml of 3% hydrochloric acid and immediately extracted with 0.2 ml of hexane three times. The hexane extract was passed through a short column of anhydrous sodium sulfate and then concentrated to about 10 ml. DMDS adducts were analyzed with GC-MS equipped with an apolar HP-1 column in which TP was 50(1)-20-150(0)-5-270(5).
Microozonolysis. Microozonolysis was conducted as in Beroza and Bierl (1967) . 8) Oxygen containing ozone was blown into about 3 ml of hexane solution cooled to below À80
C through a glass capillary tube. The solution (about 2 ml) was injected into GC-MS without further treatment in splitless mode at 230 C for 1 min. The GC was equipped with an HP-INNOWax column and TP was 50(1)-10-240(5).
Chemicals. Both enantiomers of (6Z,9Z)-11,12-epoxyhenicosa-6,9-diene [(11S,12S)-1: posticlure] were stereoselectively synthesized using Sharpless epoxidation 9) of trans-allylic alcohol derived from decanal as a key reaction. Preparative HPLC with a chiral column (Chiralpak AD) furnished optically pure samples. Lots used for field tests were more than 99% pure in GC analysis. A detailed synthesis will be published elsewhere by Yamamoto et al. ].
(6Z)-Henicos-6-en-11-one (2) was synthesized via Grignard reaction of (5Z)-undec-5-enal with decylmagnesium bromide in THF and subsequent oxidation with pyridinium chlorochromate in dichloromethane. (5Z)-Undec-5-enal was prepared by acetylene coupling reaction of 1-bromopentane with 5-hexynyl pyranyl ether in hexamethylphosphoric triamide, according to the method described by Hendry et al. (1975) , 10) and subsequent hydrogenation on Lindlar catalyst and oxidation with pyridinium chlorochromate. Crude 2 was purified to more than 99.5% in respect to positional and geometric isomerism with chromatography on 16.7% silver nitrate-impregnated silica gel. From this chromatography, (6E)-isomer of 2 was successfully separated in the earlier fractions with the same purity.
(6Z,9Z)-Henicos-6,9-diene (3) was synthesized by Grignard coupling reaction of (9Z,12Z)-octadeca-9,12-dienyl tosylate and propylmagnesium bromide in THF, 11) and purified by HPLC equipped with Excelpak SIL-C18 5B column (0.46 cm ID Â 15 cm, Yokogawa, Tokyo). The lot of this compound used for field tests was more than 99.5% pure in respect to positional and geometric isomerism. Dose-response relations of EAG responses. Doseresponse curves were measured with the GC-EAD system. A single antenna was used for a series of measurements that ranged from low to high dosages of synthetic component or extract. Since considerable variation was observed in raw EAG voltage when different antennae were used, the EAG responses were normalized to 1.0 at 10 ng of 1 (racemic mixture), which was injected immediately after a series of measurements from low to high concentrations. Measurements were replicated six times using different male antennae.
Field attraction. A tent-shaped sticky trap (white type, SE trap of Sankei Chemicals, Kagoshima, Japan, 29 Â 32 Â 8 cm high) with a 24-cm Â 30-cm sticky plate was used for field attraction. Synthetic chemicals were blended and impregnated in rubber septa (gray septa, West, Singapore) by applying about 0.3 ml of the hexane solution. Rubber septum lures were suspended about 2 cm above the sticky plate in the traps. The traps were placed on steel rods about 1 m above the ground at 7-m intervals in the field. Trap data (X) were transformed to ðX þ 0:5Þ 1=2 and subjected to two-way-layout analysis of variance where zero data (mean ¼ 0) were omitted. The means were ranked by Tukey's method when analysis of variance was significant at the 5% level. In the figures and the table, means accompanied with the same letter are not significantly different, and the same letter was given to zero data when the confidence range of the mean contained zero [¼ ð0 þ 0:5Þ 1=2 ]. When trap catches were small, data were pooled for 2 or 3 nights before statistical analysis.
Results

GC-EAD analysis
Crude extracts were accumulated for 490 and 590 females from the Ishigaki and Okinawa strains respectively. When the crude extract of Ishigaki females was injected into the GC-EAD system, two distinct EAG responses were observed at t R ¼ 25:84 min and t R ¼ 26:34 min (components A and B respectively) (Fig. 1) . In addition, a weak response was also observed at t R ¼ 23:28 min (component C). Components A and B were eluted with 5% ether in hexane, whereas component C was eluted with hexane from Florisil column chromatography (Fig. 1) . The other signals were not reproducible in repeated analysis. The amounts of components A, B, and C were determined to be approximately 4.0, 0.5, and 4.0 ng per female respectively. In contrast, component B was absent in the crude extract and the 5%-ether-in-hexane fraction of the Okinawa strain (A: 2.0 ng/female and C: 1.5 ng/female, Fig. 1) .
Isolation of components A, B, and C Components A and B in the Ishigaki strain extracts were eluted as a mixture in the 5%-ether-in-hexane fraction from Florisil column chromatography. This fraction was further chromatographed on silica gel. Components A and B were eluted with 0.5% and 1% ether in hexane (0.5% and 1% fractions) respectively. The latter fraction still contained component A. Component B was further purified by repeating the same chromatography on silica gel. Although the purified fraction still contained about 30% of other impurities, it was subjected to chemical derivatization and subsequent GC-MS analysis without further purification to avoid the risk of loss (the amount of compound B in this fraction was about 100 ng).
Component C in the hexane fraction from Florisil chromatography of the extracts from the Ishigaki and Okinawa females showed a mass spectrum in which the molecular ion was observed at m=z 292 and a series of fragment ions was spaced at 14 mass units in the GC-MS analyses (Fig. 2C) . This suggested that component C was a diunsaturated C 21 hydrocarbon. This component was isolated by chromatography on silica gel impregnated with silver nitrate. Component C was found as a major compound in the 20%-ether-in-hexane fraction.
Structure elucidation and identification of component A
Component A showed primarily single peaks in the GC analyses on HP-1 and HP-INNOWax columns. In a subsequent GC-MS analysis, mass spectrum of component A showed a distinct molecular ion at m=z 306 (M þ , 21%, base m=z 155) and diagnostic ions for an epoxide at m=z 290 (½M À 16 þ , 3.2%) and 288 (½M À 18 þ , 2.6%) ( Fig. 2A) which was identical to that of posticlure [(11S,12S)-1].
3) The chemical structure was further confirmed by chemical derivatization and subsequent GC-MS analysis, which yielded identical results to those of the Okinawa strain. 3) To confirm the absolute configuration, 0.5% fraction was injected into the chiral HPLC, and the HPLC fractions were checked by GC (Fig. 3) . The natural component A showed only one peak with a retention time very close (t R ¼ 13:31 min) to that for (11S,12S)-1 (t R ¼ 13:23 min), but no peak corresponding to (11R,12R)-1 (t R ¼ 11:45 min). The absolute configuration was further confirmed by measuring dose-response curves of EAG responses of male antennae to (11S,12S)-1 and (11R,12R)-1. The response to the (11S,12S)-1 was significantly greater than to the (11R,12R)-1 (Fig. 4) . Component A isolated from the Okinawa and Ishigaki strains showed almost identical dose-response curves to that of (11S,12S)-1. Thus component A isolated from the Ishigaki strains was also identified as posticlure [(11S,12S)-1].
Structure elucidation and identification of component B
When about 12 FE (about 2.5 ng) of component B was injected into a GC-MS equipped with a polar HPINNOWax column, it was eluted at t R ¼ 13:53 min (KI 2571) and showed a similar mass spectrum (Fig. 2B) to that of (6Z)-henicos-6-en-11-one (2).
12) A molecular ion was observed at m=z 308 (intensity 17%, base m=z 124), and important fragment ions were m=z 290 (4%,
þ ) and m=z 124 (base ion derived via a McLafferty rearrangement with charge retention on the hydrocarbon fragment; see Smith et al. (1978) 12) ). This interpretation suggests that the component was 2.
To confirm the olefin position, about 120 FE (25 ng) of the 1% fraction was subjected to DMDS derivatization and the product was analyzed with GC-MS. In the mass spectrum, the molecular ion at m=z 402 (1.8%, base m=z 87) and diagnostic fragment ions at m=z 131 (57%, [
þ ) confirmed the olefin bond at the 6-position. To determine the geometric isomerism, authentic 2 and its (6E)-isomer were 
Structure elucidation and identification of component C
Component C was partially hydrogenated by diimide reduction to obtain a mixture of saturated and monoenyl and dienyl compounds. The mixture was injected into a GC-MS equipped with a polar HP-INNOWax column. A saturated compound was eluted at t R ¼ 8:06 min (KI 2100), and the mass spectrum was identical to that of authentic henicosane. Hence, the original component C was determined to have a straight carbon chain.
To determine the position of two double bonds in component C, the 20% fraction (about 45 FE) was subjected to reductive ozonolysis and subsequent GC-MS analysis. Two products were found and identified as hexanal (t R ¼ 1:65 min) and dodecanal (t R ¼ 8:55 min), since the retention times and mass spectra were identical to those of authentic compounds. Thus component C was 6,9-henicosadiene.
To determine geometric isomerism in component C, retention times for the DMDS derivatives of partial hydrogenation of component C were measured on an apolar HP-1 column. The retention indices (KI values) of authentic DMDS derivatives of (Z)-6-, (E)-6-, (Z)-9-, and (E)-9-henicosenes were 2705, 2714, 2692 and 2701 respectively. The values of derivatives of 6-and 9-henicosene from component C were 2704 and 2693, which were almost equal to those for (Z)-6-and (Z)-9-henicosenes respectively. Consequently, the original component C was determined to have two double bonds of (Z)-configuration. Authentic (6Z,9Z)-henicos-6,9-diene (3) showed the same mass spectra and the same KI Trap catches with the seven possible blends of (11S,12S)-1, 2, and 3 at approximate natural ratios (500:50:500 mg/rubber septum) were examined on Okinawa and Ishigaki (Fig. 5) . On Okinawa, trap catch with (11S,12S)-1 was significantly reduced when blended with 2. The reduction by blending with this compound was not significant on Ishigaki. Blending 3 with (11S,12S)-1 did not significantly affect the trap catches. No males were captured with a blend of 2 and 3 or their single applications. 
Discussion
Three EAG-active components, A, B, and C, in the extracts of abdominal tips of O. postica females were identified as (6Z,9Z,11S,12S)-11,12-epoxyhenicosa-6,9-diene [(11S,12S)-1], (6Z)-henicos-6-en-11-one (2), and (6Z,9Z)-henicosa-6,9-diene (3) respectively. (11S,12S)-1 was found to be an essential component for male attraction in the field experiments, while the antipode (11R,12R)-1 was found not to be attractive (Table 1 ). In contrast, 2 was apparently inhibitory for males of the Okinawa strain (Fig. 5) . In this strain, females lacked this component in the pheromone gland (Fig. 1) .
Pheromone polymorphism has been suggested for the Ishigaki and Okinawa populations.
2) Two distinct EAGactive components were found in the extract of female abdominal tips of the Ishigaki strain but only one in those of the Okinawa strain. Virgin Ishigaki females were also found to be generally inferior to those of the Okinawa strain in attraction of male moths on both islands. Two possibilities are proposed to explain this phenomenon: (1) the attractiveness potentials are not significantly different between Okinawa and Ishigaki strains, but the Okinawa females release their sex pheromone for a longer time than the Ishigaki females, and (2) the second EAG-active component B (2), found only in the Ishigaki strain, has some particular significance in this context. The fact that 2 has an inhibitory effect on male attraction in the Okinawa strain supports the latter possibility.
O. postica is distributed in India, Indonesia, New Guinea, China, Taiwan, and the Ryukyu Islands in Japan. 13) This distribution suggests that the main and original habitats of this species are in continental East Asia. Several hypotheses about the geo-history of the Ryukyu Islands have been proposed by Kizaki and Oshiro, 14, 15) Ujiie, 16) and Ota. 17) A dominant hypothesis is that the Ryukyu Islands were connected to the Asian Continent by a land bridge in the Miocene epoch, and then became separated by rising sea levels during the Pliocene or Pleistocene. O. postica perhaps have dispersed from the Asian Continent to the Ryukyu Islands over this land bridge and then diversified through insular isolations.
Okinawa and Ishigaki are separated by about 380 km of ocean, so gene flow of O. postica between the two populations must have become extremely scant after separation. The differences in the pheromone components between the strains suggest that the populations of the two islands diverged to some extent. Recently, the genetic distance between the Okinawa and Ishigaki strains was determined by analysis of mitochondrial DNA sequences. The distance is considered to correspond to about 5 millions years isolation (Nomura et al., personal communication). Hence we hypothesize that the loss of a component with no value in pheromonal communication in Okinawa might have been an evolutionary process. This hypothesis, however, raises more questions. Why has male inhibition by 2 evolved in Okinawa strain, and why has neither strain abandoned 3? It is therefore interesting to observe sex pheromone composition in Taiwan, where lymantriid moth species are highly diverse. 18) In the Taiwan population, Chow et al. (2001) 19) mentioned that 1 and 2 were identified as sex pheromone components, but they did not assign geometric and positional isomerism. Although they presented a gas chromatogram of the crude extract [ Fig. 1 19) ], it is hard to estimate the contents or ratio of 1 and 2 because of their incorrect peak assignments. They assigned 1 for the peak that followed the peak of 2, but this order was never reproducible in our follow-up GCanalyses. Nevertheless, we reinterpret their chromatogram and speculate that the content of 2 would be greater in Taiwan than in Ishigaki. Their identification result is probably correct, and 1 in Taiwan may also have a (11S,12S)-configuration. An examination of the effect of 2 in the Taiwan population is a future effort.
Compound 26, 27) ]. Furthermore, 3 has been found to be an attractant for males of two geometrids, Agathia visenda visenda Prout 11) and Synegia esther Butler. 28) Many mono-epoxy compounds derived from (3Z,6Z,9Z)-trienes and (6Z,9Z)-dienes, which are biosynthesized from linolenic and linoleic acids, have been identified as sex pheromone components secreted by females in several families of Lepidoptera. 29) Males of many more species have been found to be attracted to synthetic epoxides having a cis configuration. 28) (11S,12S)-1 is unique in possessing a trans-epoxy ring in the structure, and is a new member of the ''linolenic and linoleic acid'' family of pheromone components. It should provide an interesting focus for biosynthetic study.
The field population level was low for both strains from 2001 to 2004, which made further detailed field tests by us fruitless. For a more detailed understanding of component functions, further field tests should be conducted when the field populations increase. Furthermore, the synthesis of (11S,12S)-1 is not easily attained at present, although synthesis trials were accomplished by Muto and Mori (2001) 30) and Fernandes and Kumar (2002) 31) after our rapid paper.
3) Nevertheless, synthetic pheromone would be useful for population monitoring and mating disruption of this pest. Economical methods of synthesis and stabilization of this compound need to be developed before utilization for pest control becomes possible.
